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Peroxynitrite Disrupts

CrossMark

Endothelial Caveolae Leading
to eNOS Uncoupling and
Diminished Flow-Mediated
Dilation in Coronary Arterioles

of Diabetic Patients

Peroxynitrite (ONOO™) contributes to coronary
microvascular dysfunction in diabetes mellitus (DM).
We hypothesized that in DM, ONOO™ interferes with
the function of coronary endothelial caveolae, which
plays an important role in nitric oxide (NO)-
dependent vasomotor regulation. Flow-mediated
dilation (FMD) of coronary arterioles was
investigated in DM (n = 41) and non-DM (n = 37)
patients undergoing heart surgery. NO-mediated
coronary FMD was significantly reduced in DM
patients, which was restored by ONOO™ scavenger,
iron-(lll)-tetrakis(N-methyl-4’pyridyl)porphyrin-
pentachloride, or uric acid, whereas exogenous
ONOO™ reduced FMD in non-DM subjects.
Immunoelectron microscopy demonstrated an
increased 3-nitrotyrosine formation (ONOO™-specific
protein nitration) in endothelial plasma membrane in
DM, which colocalized with caveolin-1 (Cav-1), the
key structural protein of caveolae. The membrane-
localized Cav-1 was significantly reduced in DM and
also in high glucose-exposed coronary endothelial
cells. We also found that DM patients exhibited

a decreased number of endothelial caveolae,

whereas exogenous ONOO™ reduced caveolae
number. Correspondingly, pharmacological
(methyl-B-cyclodextrin) or genetic disruption of
caveolae (Cav-1 knockout mice) abolished
coronary FMD, which was rescued by sepiapterin,
the stable precursor of NO synthase (NOS)
cofactor, tetrahydrobiopterin. Sepiapterin also
restored coronary FMD in DM patients. Thus, we
propose that ONOO™ selectively targets and
disrupts endothelial caveolae, which contributes to
NOS uncoupling, and, hence, reduced NO-mediated
coronary vasodilation in DM patients.
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Diabetes mellitus (DM) is associated with impaired
function of coronary resistance arteries. The consequence
is a mismatch between myocardial blood supply and de-
mand, leading to ischemic episodes in the diabetic heart
(1). Reduced myocardial perfusion may develop even in
the absence of occlusive coronary artery disease. For in-
stance, Nitenberg et al. (2) have demonstrated that in
DM patients with angiographically normal coronary
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arteries, cold pressor test-induced dilation was reduced,
as estimated by coronary surface area during quantitative
angiography. Intracoronary injection of acetylcholine
(ACh), which normally dilates arteries, caused vasospasm
preferentially in diabetic patients (3). In small coronary
arteries dissected from the heart of diabetic patients,
Miura et al. (4) and recently our group (5) demonstrated
ACh-induced constriction. The underlying mechanism(s)
responsible for coronary microvascular dysfunction
remained poorly understood in human DM.

Flow-mediated dilation (FMD), the intrinsic regula-
tory mechanism of resistance arteries in response to
increases in wall shear stress (WSS) (6), is one of the
key determinants of myocardial perfusion (7). The
endothelium-dependent FMD is responsible for normal-
izing WSS and provides a feed-forward mechanism for
increases in myocardial blood flow and metabolite-
induced vasodilation (6). The problem is that this regu-
latory mechanism often fails in the diseased heart. Early
studies have shown that brachial artery FMD is reduced
in patients with type 1 (8) and type 2 DM (9). Previously,
we demonstrated that in a mouse model of type 2 DM
(db/db mice), WSS-induced dilation is diminished in
coronary arterioles, which is due to the reduced avail-
ability of nitric oxide (NO) (10,11). In DM, among other
key pathological mechanisms responsible for reduced NO
synthase (NOS) activation (12,13), the direct interaction
of NO with superoxide anion (14) has received sub-
stantial attention. It is of particular importance that the
NO-superoxide interaction not only reduces NO bio-
availability but also generates the reactive peroxynitrite
(ONOO ™). ONOO™ has numerous detrimental effects in
the cardiovascular system and plays a crucial role in the
development of DM-associated vascular pathology (15).
Emerging evidence indicates that ONOO  preferentially
targets vascular endothelium and specific subcellular
compartments within (15). The footprint of enhanced
ONOO " production is 3-nitrotyrosine (3-NT) formation.
3-NT-modified proteins were detected even in the normal
rat aorta endothelium, with a distinct localization to mi-
tochondria (16). Some evidence indicates that in aging rat,
3-NT formation is enhanced and more widely distributed
within subcellular compartments of the endothelium (17).
Yet, it is unknown whether ONOO ™ preferentially targets
endothelial plasma membrane microdomains, such as
caveolae, a specific type of cholesterol-rich membrane
lipid raft, which plays a key role in WSS-induced, NO-
dependent regulation of arterial diameter (18).

Accordingly, in this study, we set out to investigate
alterations in coronary FMD in DM patients and to
elucidate the impact of ONOO ™, which we hypothesized
preferentially targets endothelial caveolae. In this study,
we demonstrate that NO-mediated coronary FMD is
markedly reduced in patients with DM. We show that
ONOO " targets and disrupts endothelial membrane
caveolae, which subsequently predisposes NOS for
uncoupling in DM.
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RESEARCH DESIGN AND METHODS
Patients

Protocols were approved by the institutional review
board at our institution. Consecutive patients un-
dergoing heart surgery were enrolled in this study.
Patients were divided into two groups with or without
documented DM. Patients were included irrespective of
DM duration.

Assessment of FMD in Human Coronary Arterioles

Video microscopy of isolated human coronary arterioles
were performed as previously described (19). In brief,
coronary arterioles (diameter ~100 wm) were dissected
from the right atrial appendages obtained from patients
at the time of heart surgery. Arterioles were cannulated
and pressurized (70 mmHg), and changes in diameter
were measured with a video caliper (Colorado).

Intraluminal flow was induced by changing perfusion
pressure with equal degree but in opposite direction, in
three steps (AP: 25-50-90 cmH,0). Fig. 1A shows that
AP elicited increases in flow (~8 to ~35 wL/min), which
resulted in increases in WSS (from ~5 to ~15 dyne/ cm?).
To assess the role of NO, ONOO , and NOS cofactor,
tetrahydrobiopterin (BH,) in affecting coronary
FMD, coronary arterioles were incubated with NOS
inhibitor, Nw-nitro-L-arginine methyl ester (L-NAME, 2 X
10~ % mol/L for 30 min), selective ONOO ™ sequesters,
iron(IlNtetrakis(N-methyl-4' pyridyl)porphyrin-pentachloride
(FeTMPyP, 10~* mol/L) and uric acid (10~ mol/L for
30 min), or stable BH, precursor, sepiapterin (10> mol/L
for 30 min), respectively, and coronary FMD was reas-
sessed. In other protocols, after incubation with FeTMPyP
or sepiapterin, vessels were exposed to additional
L-NAME, and coronary FMD was obtained again. In sep-
arate protocols, arterioles were exposed to exogenous
ONOO™ (10~° mol/L) and FMD was assessed. To in-
vestigate the role of caveolae, arterioles were preincubated
with methyl-B-cyclodextrin (mBCD, 2 X 10> mol/L for
60 min), which is known to disrupt caveolae (20).

Detection of Superoxide Anion Production

Superoxide production in coronary arteries was mea-
sured by using the dihydroethidium (DHE) method, as
described previously (10,11). In brief, cryosections (8-pm
thick) from snap-frozen human atrium were incubated
with DHE (10 wmol/L for 30 min) with or without pre-
treatment with superoxide scavenger Tiron (5 mmol/L
for 30 min). Slides were washed in PBS, and sections
were covered with DAPI-Vectashield. Fluorescence in-
tensity measurements (excitation BP545/25; emission
BP605/70) of oxidized, nuclei-trapped DHE were per-
formed in nuclei in the vessel wall and normalized to
nuclei area.

Immunohistochemistry and Proximity Ligation Assay
for Colocalization

Atrial appendages from non-DM and DM patients were
fixed in 4% paraformaldehyde and paraffin embedded.
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Figure 1—A: Step increases in inflow and outflow pressure (AP, 25, 50, and 90 cmH,0) elicited increases in intraluminal flow (@) and resulted
in increases in WSS (O). Representative recordings (B) and summary data of changes (C) in the diameter of coronary arterioles isolated from
patients without (O, n = 13) and with DM (@, n = 16) in response to increases in WSS. D: WSS-induced changes in diameter of coronary
arterioles of DM (@, n = 4) and non-DM patients (O, n = 5) in the absence and presence of the NOS inhibitor L-NAME (> and 4, respectively).
E: Changes in the diameter of coronary arterioles isolated from non-DM (O, n = 7) and DM (@, n = 7) subjects in response to NO donor,
sodium nitroprusside (SNP). Data are means = SEM. *, DM vs. non-DM patients; #, non-DM vs. non-DM+L-NAME. P < 0.05.

Consecutive sections (8-um thick) were blocked with
normal donkey serum (1 h) and immune labeled with
monoclonal anti—caveolin 1 (Cav-1) (1:100, overnight
4°C; Abcam) and polyclonal anti-3-NT (1:1,000, over-
night 4°C; Sigma-Aldrich) antibodies. Immunofluorescent
labeling was performed with corresponding Cy3 and
Cy5 secondary antibodies (Jackson ImmunoResearch).
DAPI was used for nuclear staining. For nonspecific
binding, the primary antibody was omitted. Images
were collected with fluorescent microscopy. The
colocalization between Cav-1 and 3-NT was calculated
with linear regression and Pearson correlation co-
efficient (), as described by Zinchuk et al. (21), in DM
and non-DM patients by an investigator unaware of
sample identity.

In additional experiments, in situ proximity ligation
assay (PLA; Duolink; Sigma-Aldrich) was performed to
detect colocalization of Cav-1 and 3-NT according to
manufacturer instructions. In brief, PLA reactions were
performed using the same primary antibodies (anti-Cav-1
[1:100] and anti-3-NT [1:1,000]), followed by a pair of
oligonucleotide-labeled secondary antibodies (orange PLA
probes). In this assay, PLA probes create a positive signal

only when the epitopes of the target proteins are in close
proximity (<40 nm). The signal from each detected pair of
PLA probes was then counted using fluorescence micros-
copy (excitation BP545/25; emission BP605/70). For
negative controls, primary antibodies were omitted.

Immunoelectron Microscopy

Immunogold Labeling for 3-NT

The right atrial appendages were fixed in 4% formalde-
hyde and 0.2% glutaraldehyde in 0.1 mol/L sodium
cacodylate buffer (pH 7.4). Sections were cut with Leica
EM UC6 ultramicrotome (Leica Microsystems, Inc.,
Bannockburn, IL). Sections were blocked in normal goat
serum (1 h) and incubated with primary rabbit anti-3-NT
polyclonal antibody (1:10, overnight 4°C; Sigma-Aldrich)
or anti—Cav-1 polyclonal antibody (1:100, overnight 4°C;
Cell Signaling) and with additional gold-labeled (10 nm)
secondary antibody. Sections were observed in a JEM
1230 transmission electron microscope (JEOL USA, Inc.).
Counting of anti-3-NT-immunogold and anti-Cav-1-
immunogold particles within coronary endothelial cells
was evaluated by an investigator unaware of sample
identity.
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Assessment of Caveolae Number in Coronary
Endothelial Cells

Electron microscopy of atrial samples was performed as
described above. Images selected for analysis contained
at least one erythrocyte to ensure accuracy in identifying
the endothelial cell layer. The number of caveolae per
pwm? of cell membrane was counted, as described pre-
viously (22), and compared in DM and non-DM patients
by an investigator unaware of sample identity. In sepa-
rate protocols, atrial samples were exposed to increasing
concentrations of exogenous ONOO ™ (1, 10, and 100
pmol/L), and the number of endothelial caveolae was
calculated.

Western Immunoblot

Western immunoblot analysis was performed as de-
scribed previously (5). In brief, coronary arterioles were
homogenized in radioimmunoprecipitation assay buffer,
and protein concentration was measured by Bradford
assay. Equal amounts of proteins were loaded for gel
electrophoresis. After blotting, a polyclonal anti-3-NT
antibody (dilution 1:1,000) was used for the detection of
3-NT. Membranes were reprobed with anti—B-actin IgG
(dilution 1:5,000) to normalize for loading variations.
Corresponding horseradish peroxidase-labeled secondary
antibody was used, and chemiluminescence was visual-
ized autoradiographically.

Membrane Fractionation of Cultured Human Coronary
Artery Endothelial Cells

Human coronary artery endothelial cells (HCAECs)
(Lonza, Walkersville, CA) were grown in EBM-2 medium.
Cells were maintained in normal (5.5 mmol/L) or high
glucose medium (HG; 25 mmol/L for 24 h). HCAECs
were then harvested for cell fractionation using ultra-
centrifugation. In brief, cells were washed in PBS and
lysed in MSE extraction buffer (10 mmol/L Tris-HCl,
220 mmol/L p-mannitol, 70.1 mmol/L sucrose, 1 mmol/L
EGTA, 0.025% BSA). Protein was measured (Bio-Rad),
and equal amount of protein was centrifuged at
100,000g for 20 min. Supernatant was collected as cy-
tosolic fraction, and pellet contained the membrane
fraction. Equal amounts of total lysate and cytosolic and
membrane fractions were loaded for Western blot
analysis.

Assessment of Endothelium-Dependent Dilation in
Cav-1 Knockout Mice

Protocols involving mice were approved by the In-
stitutional Animal Care and Use Committee. Video mi-
croscopy and wire myography to assess coronary FMD
(10,11) and relaxation of aorta were performed as de-
scribed previously (23). In brief, the heart and thoracic
aorta were excised from Cav-1 knockout (CavKo)
(Cavtm1Mls/J; The Jackson Laboratory) and wild-type
mice. Mouse coronary arteries (diameter ~100 wm) were
isolated and pressurized (70 mmHg). Arteries were
preconstricted with thromboxane analog, U46619
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(10~ ° mol/L). Diameter changes of arterioles to increases
in WSS and ACh (10~ 2 to 10~ ® mol/L) were measured
with video microscopy. Aorta sections (2 mm in length)
were mounted on wire myograph to measure isometric
force generation. Aorta were preconstricted with phen-
ylephrine (10~ ® mol/L), and relaxation was assessed in
response to ACh (10" ° to 10~ ¢ mol/L). Coronary arteries
and aortic rings were incubated with sepiapterin (10~°
mol/L, 30 min) or sepiapterin plus .-NAME (2 X 10~ *
mol/L, 30 min), and WSS- and ACh-induced responses
were reassessed.

Data Analysis

Statistical analyses were performed using IBM SPSS
Statistics 19. Agonist-induced arteriole responses were
expressed as changes in diameter as a percentage of the
maximal dilation, defined as passive diameter of the
vessel at 70 mmHg in calcium-free physiological salt so-
lution. Aortic relaxations in mice were presented as
percent changes in force after agonist administration.
Statistical analysis was performed by repeated-measures
ANOVA, followed by Tukey post hoc test. P < 0.05 was
considered statistically significant. Data are expressed as
mean * SEM.

RESULTS
Patients

Patient demographics and clinical data are presented in
Table 1. The age, sex, clinical parameters, underlying
diseases, and medications were similar between the two
populations, except the documented DM, glucose levels,
and the use of insulin or oral antidiabetics. Patients with
DM were more likely to undergo coronary artery bypass
graft surgery than non-DM patients. Thus, the potential
influence of antidiabetic medications and the type of the
surgery on the measured end points cannot be entirely
excluded in this study.

NO-Dependent FMD Is Diminished in Coronary
Arterioles of DM Patients

In isolated coronary arterioles, a spontaneous tone de-
veloped in response to 70 mmHg intraluminal pressure.
There were no significant differences between the active
(non-DV, 105 = 7 pm; DM, 94 £ 7 pm) and passive
(non-DM, 143 = 8 pm; DM, 123 £ 7 um) diameters in
DM and non-DM patients. Incubation with sepiapterin,
ONOO™ sequesters, FeTMPyP, uric acid, and/or .-NAME
had no effect on the spontaneously developed tone (data
not shown).

In coronary arterioles of non-DM patients, increases
in intraluminal flow, via increasing WSS (Fig. 1A), elicited
dilations, whereas coronary arterioles from DM patients
exhibited a diminished FMD (Fig. 1B and C). The NOS
inhibitor L-NAME reduced coronary FMD in non-DM,
but not in DM, patients (Fig. 1D). Dilations to the NO
donor sodium-nitroprusside were similar in DM and
non-DM patients (Fig. 1E).
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Table 1—Patient demographics, diseases, and medications
Non-DM DM P
n 37 41
Male 26 29 1.000
Age (years) 65 = 15 69 = 10 0.180
Body weight (kg) 83 = 25 89 = 18 0.282
BMI (kg/m?) 288 =74 31.1 = 6.1 0.135
Systolic blood pressure (mmHg) 135 + 25 136 + 26 0.944
Diastolic blood pressure (mmHg) 73 =12 71 =12 0.492
Serum glucose (mg/dL) 115 = 35 157 = 71 0.004*
Underlying disease (n)
Type 1 DM 0 2 0.494
Type 2 DM 0 39 <0.0001*
Hypertension 26 35 0.189
Hyperlipidemia 15 21 0.498
Coronary artery disease 23 30 0.474
Peripheral vascular disease 2 5 0.438
Congestive heart failure 9 5 0.237
Medications (n)
Aspirin 25 31 0.807
Lipid lowering 20 25 0.655
Insulin 0 14 <0.0001*
Oral antidiabetic 0 27 <0.0001*
B-Blocker 23 29 0.636
ACE inhibitor 11 15 0.636
Diuretic 10 16 0.344
Anticoagulant 8 14 0.317
Calcium channel blocker 8 10 1.000
Surgical procedure (%)
Coronary artery bypass graft 29 40 0.039*
Valve replacement 8 4 0.209

For continuous variables, mean + SD are shown. All categorical risk factors were examined by Fisher exact tests, whereas continuous
variables were assessed by Student t test between the two patient groups. n, number of non-DM and DM patients studied. *Statistical

difference.

ONOO™ Contributes to the Diminished Coronary
Arteriolar FMD

We found a significantly increased DHE-detected, Tiron-
inhibited superoxide production in coronary arteries of
DM patients, when compared with non-DM (Fig. 2A and B).
Moreover, the increased level of 3-NT in coronary arte-
rioles indicated an augmented ONOO ™ production in
DM patients (Fig. 2C). Incubation of coronary arterioles
with the selective ONOO ™~ scavengers FeTMPyP (Fig. 2D)
or uric acid (Fig. 2E) significantly enhanced coronary
FMD in DM, whereas exogenous application of
ONOO' reduced coronary dilation in non-DM patients
(Fig. 2F).

ONOO™ Targets Endothelial Caveolae in DM

The subcellular localization of 3-NT was investigated in
coronary arterioles using immune electron microscopy
and immunohistochemistry approaches. Whereas 3-NT
immunogold labeling was less prominent within the en-
dothelium of non-DM patients, in DM, the number of
3-NT immunogold particles was increased and more

widely distributed, with a significantly increased presence
in the luminal plasma membrane of endothelium (Fig. 3A
and Table 2 for detailed quantification).

To test whether ONOO ™ targets endothelial mem-
brane caveolae, coimmunostaining of 3-NT and Cav-1
was performed. In coronary endothelial cells, a greater
degree of colocalization between 3-NT and Cav-1 was
found in DM patients, as indicated by Pearson corre-
lations of fluorescence intensities (Fig. 3B and C).
Colocalization of 3-NT and Cav-1 was confirmed by in
situ PLA in further independent experiments (Fig. 3D
and E).

Membrane-Localized Cav-1 Is Reduced in Coronary
Endothelium of DM Patients

We found no significant change in total Cav-1 expression
between coronary arteries of DM and non-DM patients
(Fig. 4A). When distribution of Cav-1 immunogold par-
ticles was investigated by electron microscopy, we found
that membrane-localized Cav-1 was significantly reduced
in DM endothelium (Fig. 4 and Table 2). To confirm
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Figure 2—Representative fluorescent images of DHE staining (A) and summary data of fluorescent intensities/nuclei area (arbitrary unit
[AU]) (B) in coronary arteries of non-DM (n = 4) and DM patients (n = 3). DAPI, blue; DHE fluorescence, red; autofluorescence, green (at 488
nm). Purple color indicates overlap of blue nuclei and strong DHE red fluorescence. Scale bar, 50 um. *, DM vs. non-DM patients; #,
DM vs. DM+Tiron. P < 0.05. C: Representative Western immunoblot shows 3-NT formation in coronary arterioles of non-DM and DM
patients. St, molecular weight standard. 3-NT-BSA was used for positive control and anti—B-actin was used for loading variations. D and E:
WSS-induced changes in diameter of coronary arterioles from patients with DM (@, n = 5) in the presence of ONOO™ scavengers,
FeTMPyP (n = 5) (D) or uric acid (A, n = 5) (E) and also in the simultaneous presence of FETMPyP or uric acid and L-NAME (¢, n = 4). F:
WSS-induced changes in the diameter of coronary arterioles from non-DM patients (O, n = 5) after bolus exposure to exogenous ONOO™
(10 wmol/L, /\, n = 4). Data are means = SEM. *, significant effects of various treatments. P < 0.05.

these changes in the membrane Cav-1 content, we
also used primary cultured HCAECs that were exposed
to high glucose (25 mmol/L) concentrations. We
found that exposure of HCAECs to high glucose sig-
nificantly reduced membrane Cav-1 content, whereas
it did not alter total and cytosolic level of Cav-1 (Fig.
4C and D).

ONOO™ Reduces the Number of Endothelial Caveolae

Electron microscopy was used to evaluate the number of
endothelial caveolae in DM and non-DM patients (Fig. 5A).
We found a significantly reduced number of endothelial
caveolae in DM patients, when compared with non-DM
(Fig. 5B and C). Moreover, coronary arteries were ex-
posed to exogenous ONOO . ONOO ', in a dose-
dependent manner reduced the number of endothelial
caveolae (Fig. 5D and E). ONOO , at the highest con-
centration, disrupted the integrity of the endothelial
membrane, which was lacking any caveolae and showed
signs of membrane blebbing.

Lack of Caveolae Contributes to Endothelial NOS
Uncoupling in DM

We found that administration of sepiapterin, a stable
precursor of BH, significantly enhanced coronary FMD in
DM patients, in an NO-dependent manner, while it did
not affect dilation in non-DM patients (Fig. 6A). Phar-
macologic disruption of caveolae with mBCD entirely
abolished FMD in coronary arterioles in non-DM
patients, which was partially restored by additional ad-
ministration of sepiapterin (Fig. 6B).

To provide additional evidence for the lack of caveolae
contributing to endothelial NOS (eNOS) uncoupling,
CavKO mice were used. A phenotypic characteristic of
CavKO mice is the complete lack of endothelial caveolae
(24), which we also observed in this study (data not
shown). We found that increases in WSS elicited dilations
in wild-type mice but caused constrictions in coronary
arteries of CavKO mice, which was converted to dilation
by sepiapterin, in an NO-dependent manner (Fig. 6C and
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Figure 3—A: Electron micrograph illustration shows subcellular distribution of anti-3-NT immunogold particles (10 nm) in coronary ar-
teriolar endothelium in non-DM (left) and DM patients (right). For detailed quantitative assessment of 3-NT nanogold distribution, see Table
2. Black arrowheads indicate 3-NT localization in close proximity to the luminal or abluminal plasma membrane, whereas white arrow-
heads point to cytosolic localization. EC, endothelium; L, vessel lumen; R, erythrocyte. B: Representative immunohistochemistry images
for colocalization of Cav-1 and 3-NT in coronary arterioles of non-DM and DM patients. Blue, DAPI (nuclei); red, Cav-1; green, 3-NT;
yellow, overlap of red and green signal; white, autofluorescence (at 488 nm). Scale bar, 20 wm. C: Summary data of Pearson correlation
analysis for determining the degree of colocalization of Cav-1 and 3-NT. Random regions (26 and 26 from three non-DM and three
DM patients) along endothelial cells were selected manually, and a scatterplot of Cav-1 and 3-NT fluorescent intensities (normalized
to the background adjacent to the region of interest) was generated. ImageJ (NIH) was used to determine pixel signal intensities for
each region of interest. D: Representative immunohistochemistry images of PLA for colocalization of Cav-1 and 3-NT in coronary
endothelium of non-DM (top panels) and DM patients (bottom panels). E: Summary data represent PLA-positive signals obtained in five
non-DM and seven DM patients. Three coronary vessels from each patient were analyzed for the number of PLA-positive interactions
(shown as red blobs) around the endothelial (ENDO) nuclei (DAPI shown in blue). Green, autofluorescence (at 488 nm). White arrowheads
point to PLA-positive signals. Scale bar, 15 um. Data are means = SEM. *, non-DM vs. DM patients. P < 0.05.

D). There was no difference in ACh-induced coronary
dilation in wild-type and CavKO mice either in the ab-
sence or presence of sepiapterin, and the responses were
only partially inhibited by .-NAME (Fig. 6E). In the aorta
of CavKO mice, administration of sepiapterin signifi-
cantly enhanced relaxation to ACh, and the response was
abolished by additional .-NAME, suggesting a greater
contribution of NO to ACh response in the mouse aorta
(Fig. 6F).

DISCUSSION

This study demonstrates that in coronary resistance,
arteries of diabetic patients increased production of
ONOO " targets and disrupt endothelial caveolae, which
in turn contributes to uncoupling of eNOS and results in
a diminished FMD. This conclusion is supported by key
findings. 1) In coronary arterioles of DM patients,
ONOO"™ sequester restored FMD, whereas in non-DM
patients, exogenous ONOO ™~ reduced FMD. 2) 3-NT
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Table 2—Quantification of 3-NT and Cav-1 immunogold
distribution

Non-DM DM P

3-NT nanogold

Total in endothelium/pm? 11.0 = 1.4 42.4 = 9.4 0.077
Luminal membrane/um 12 =05 7.9 + 1.4 0.029*
Abluminal membrane/um 1.2 =05 3.6 =13 0.189
Cytosol/um? 86+ 14 18.0+ 55 0.223
Luminal/total (%) 123 44 +6 0.016*
Cytosol/total (%) 77 =6 39 =5 0.007*
Cav-1 nanogold
Total in endothelium/pm?® 19.7 = 2.9 20.9 = 4.9 0.852
Luminal membrane/um 4.0 = 0.4 2.0 = 0.5 0.042*
Abluminal membrane/um 1.6 = 0.5 2.7 =06 0.217
Cytosol/pm? 93+ 1.8 134 32 0.330
Luminal/total (%) 38 =4 151 0.023"
Cytosol/total (%) 47 = 2 64 = 4 0.033"

Data are number of immunogold particles/endothelial surface
area (wm?) or number of particles on membrane/length (um).
In the case of 3-NT immunogold labeling, a total of 117.5 um
(10 cells from four non-DM patients) and 127.5 pm (nine cells
from four DM patients) membrane was analyzed. In the case of
Cav-1 immunogold labeling, a total of 214.1 wm (11 cells from
four non-DM patients) and 184.7 um (12 cells from four DM
patients) membrane was analyzed. Data are mean = SEM.
*Statistical difference, P < 0.05 (Student t test).

staining was localized at the endothelial plasma
membrane in a close proximity to Cav-1. 3) Coronary
arterioles of DM patients exhibited a reduced level
of membrane-localized Cav-1 and also a reduced
number of endothelial caveolae. 4) The BH, precursor
sepiapterin enhanced coronary FMD after phar-
macological or genetic (CavKO mice) disruption of
caveolae. Finally, 5) sepiapterin restored coronary
FMD in DM patients.

A solid line of evidence indicates that increased pro-
duction of ONOO ™ plays an important role in the de-
velopment of cardiovascular complications in DM (15).
ONOO " is a powerful oxidizing agent that causes rapid
depletion of sulthydryl groups, causes DNA damage and
protein nitration of aromatic amino acid residues leading
to 3-NT formation (15). Cellular mechanisms to prevent
the deleterious effect of ONOO ™~ are not clearly defined
(25). Previous studies have shown a significantly en-
hanced formation of 3-NT in the coronary endothelium
in sepsis (26), in the coronary artery wall in human
transplant coronary artery disease (27), and in coronary
vessels in an animal model of DM (28). In this study, we
found an elevated superoxide anion and increased 3-NT
formation in coronary microvessels of DM patients.
Given that the two patient populations exhibited similar
comorbidities, it is likely that among various confound-
ing factors, DM and most likely high blood glucose con-
centration are the major contributors for enhanced
ONOO  formation in patients undergoing heart surgery.
Importantly, in this study, we found that ONOO ", in
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a reversible manner, diminishes NO-dependent FMD in
coronary arterioles of DM patients.

Next, we aimed to elucidate ONOO ™~ -targeted sub-
cellular mechanisms that are responsible for diminished
NO availability in coronary arterioles of DM patients.
Under physiological conditions, ONOO ™ production, as
detected by 3-NT, is restricted to the mitochondria of the
vascular endothelium (16). WSS-dependent activation of
eNOS, on the other hand, is primarily coupled to regu-
latory mechanisms at the endothelial plasma membrane,
although some evidence indicates involvement of mito-
chondria in this process (29). Among others, platelet
endothelial cell adhesion molecule-1 (30,31) and endo-
thelial caveolae (18) located at the plasma membrane
have been shown to mediate WSS-dependent vasodila-
tion in rodents. Given that ONOO ™ causes lipid
peroxidation (15), we wondered whether ONOO ™~ pref-
erentially targets and interferes with vasoregulatory
mechanisms intrinsic to the endothelial plasma mem-
brane. In this study, we found that 3-NT immunogold
particles were more abundant in the plasma membrane
of the coronary endothelium in DM patients. We also
demonstrated that 3-NT staining was in close proximity
(<40 nm) to Cav-1, the main scaffolding protein of
caveolae. There are four tyrosine groups within Cav-1
that can be potentially nitrated. Whether 3-nitration of
Cav-1 has any functional consequence is entirely un-
known. To investigate possible effects of ONOO ™~ and
Cav-1 interaction in DM, we measured Cav-1 expression
in coronary arteries and found no significant changes
between DM and non-DM patients. Interestingly,
immune electron microscopy has revealed that the
membrane-localized Cav-1 is significantly reduced in the
coronary endothelium of DM patients. The reduced level
of membrane Cav-1 was also confirmed in cultured hu-
man coronary endothelial cells that were exposed to
high glucose concentrations for 24 h. Based on these
results, we raised the possibility that alterations in the
membrane-localized Cav-1 content may influence the
formation and/or stability of endothelial caveolae in DM.
Indeed, in this study, we found that DM patients
exhibited a significantly reduced number of coronary
endothelial caveolae. We also demonstrated that short-
term administration of exogenous ONOO elicited
a dose-dependent, significant caveolae loss. In line with
this observation, an earlier study has shown that even
a short-term myocardial ischemia, due to a temporary
occlusion of the coronary artery in anesthetized dogs,
elicited a significant loss of caveolae in coronary vessels
(32). A later study by Peterson et al. (33) showed that
bovine aortic endothelial cells acutely exposed to a
superoxide-generating napthoquinolinedione resulted in
loss of endothelial cell caveolae. Collectively, we propose
that a reduced membrane-localized Cav-1 may lead to
destabilization and/or disruption of endothelial caveolae
in coronary arterioles of DM patients. We suggest that
a direct interaction between ONOO ~ and Cav-1 is
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Figure 4—A: Representative Western immunoblot and summary data of densitometry analysis show Cav-1 expression in coronary
arterioles of non-DM and DM patients (n = 6 non-DM and n = 6 DM). Anti—B-actin was used for normalizing loading variations. B: Electron
micrograph illustration shows subcellular distribution of anti-Cav-1 immunogold particles (10 nm) in coronary arteriolar endothelium in
non-DM (top) and DM (bottom) patients. For detailed quantitative assessment of Cav-1 nanogold distribution, see Table 2. EC, endo-
thelium; L, vessel lumen; RBC, erythrocyte. Representative Western immunoblot and summary data of densitometry analysis of three
independent experiments show Cav-1 expression in total lysate (C) or membrane and cytosole fractions (D) of HCAECs in the presence of
normal glucose (NG; 5.5 mmol/L) or after HG (25 mmol/L) exposure. Anti—B-actin was used for normalizing loading variations. *, NG vs.

HG. P < 0.05.

responsible for this pathology. Whether ONOO™ -
induced 3-nitration of Cav-1 contributes to this process or
only represents a “footprint” of Cav-1 targeting by
ONOO' has yet to be elucidated.

How disruption of endothelial caveolae by ONOO ™

contributes to an impaired

NO synthesis is not well

understood. A study by Peterson et al. (34) demonstrated
that Cav-1, eNOS, and GTPCH-I, the rate-limiting en-

zyme for BH, biosynthesis,

are all localized in the en-

dothelial caveolea. This and other studies indicated

a crucial role for caveolae in the compartmentalization of
enzymes that are required for NO synthesis (35). It is
also known that the interaction between Cav-1 and eNOS
is inhibitory (36-38). Loss of caveolae, through exposing
endothelial cells to oxidized LDL, cyclosporine, or mBCD
has been shown to displace eNOS from the plasma

membrane, which is, however, associated with a di-
minished NO production (39-41). A study by Zhang et al.
(42) showed that in endothelial cells, the plasma

membrane-targeted eNOS was more efficient to produce
NO when compared with the Golgi-targeted eNOS.
Moreover, a recent elegant study demonstrated that

a noninhibitory mutant of the Cav-1 scaffolding domain,
without interfering with other functions of endogenous
Cav-1, such as forming caveolae, significantly enhanced
eNOS-derived NO synthesis (43). These studies indicated
that under normal conditions, the interaction between
Cav-1 and eNOS directs eNOS to the caveolae, and that
this compartmentalization seems important for eNOS
activation and NO production. Given that loss of
caveolae structure/function may ultimately lead to an
impaired NO synthesis. In order to furnish functional
evidence for this scenario, in this study, human coronary
arterioles were acutely treated with mpBCD to disrupt
vascular caveolae. We found that mBCD completely
abolished NO-dependent coronary FMD in non-DM
patients. Correspondingly, we found that increases in
flow induced coronary arterial constrictions in CavKO
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Figure 5—Electron microscopy for quantitative analysis of caveolae. A: Scheme for analysis of the electron microscopy images. En-
dothelial cells (ECs) were identified as those regions adjacent to erythrocytes (RBC). VSMC, vascular smooth muscle cell (left). A photo
editor was used to establish a threshold gate to assist in identifying caveolae in multiple regions of interest (ROIs) (middle). Caveolae (black
arrowheads) within endothelial cells were defined as apical or basal invaginations open to the surface, and membranes for analysis had to
contain at least one caveolae (right). B: Representative electron micrograph illustration of the coronary endothelium in non-DM (top, white
arrowheads point at caveolea) and DM patients (bottom, black arrowheads point at caveolea). Scale bar, 0.5 um. C: Summary data show
comparison of the number of endothelial membrane caveolae per um? in non-DM (O, data are from 53 membrane regions from three
patients) and DM patients (@, data are from 46 membrane regions from three patients). Electron micrograph illustration (D) and summary
data (E) demonstrate the effects of increasing concentrations (1-100 wmol/L) of exogenous ONOO™ on the number of coronary endo-
thelial caveolae. Scale bar, 0.5 pum. Black arrows point at caveolae. Data are means + SEM. *, non-DM vs. DM patients; #, significant

effect of ONOO™ treatment. P < 0.05.

mice. Our data are the first, to our knowledge, to provide
evidence for the crucial role of caveolae in mediating
WSS-induced dilation in human coronary arterioles.

The impaired flow-induced coronary dilation after
caveolae disruption can be mediated by several mecha-
nisms. Due to the observed close proximity of eNOS to
GTPCH-I (34), we raised the possibility that the avail-
ability for eNOS cofactor BH, is limited after caveolae
disruption, which ultimately leads to eNOS uncoupling in
DM patients (44,45). Interestingly, in the CavKO mice,
the ratio of BH, to BH; is reduced in the myocardium,
which leads to eNOS uncoupling and may contribute to
the cardiopulmonary phenotype of these mice (46). In
this study, we demonstrated that in mBCD-treated

vessels, the stable BH, precursor sepiapterin partially
restored dilation to flow in human coronary arterioles.
Moreover, in mice lacking caveolae, we found that after
sepiapterin administration, flow-induced coronary di-
lation was restored to the control levels, whereas
sepiapterin enhanced aortic relaxation. Importantly, the
diminished FMD in coronary arterioles of DM patients
was also augmented by sepiapterin administration. Col-
lectively, these results are the first to demonstrate that
impairment in flow-induced, NO-dependent coronary
dilation in DM patients is due to eNOS uncoupling,
which is likely mediated by ONOO ~-dependent disrup-
tion of endothelial caveolae. It should be noted that the
influence of ONOO ™~ on the function of eNOS might not



diabetes.diabetesjournals.org Cassuto and Associates 1391

A -O- non-DM -e- DM B -O- non-DM
& non-DM + Sep —— DM+ Sep -0- non-DM + mpCD
-+ non-DM + Sep+NAME -¥ DM + Sep+NAME - non-DM + mBCD + Sep
- Q)
o~
£ e
S
5 2
-
I [
£ £
S 8
a o
< <
0 25 50 75 100 0 25 5 75 100
AP(cmH,0) AP(cmH,0)
C D -O- WT -e- CavkO
Sepiapterin -~ WT + Sep —— CavKO + Sep
-+~ WT + Sep+NAME -+ CavKO + Sep+NAME
flow (AP)  ACh (lg) flow (AP) ACh (lg)
46 +H—— —_— —_— L | 60
-6 -6 <
5502 7 50X 7. X
—_ 8 . 25— -8e ~
WT - 9. " -9¢ o 404
]
u4s flow (AP) ACh(lg) flow (AP) ACh (Ig) g
"_ —_— L | —_— — E
-6
90 - -7
CavKO " %= 8-7‘-3 502 . <.
97 - = . T T T 1
>.f T ¢ 0 25 50 75 100
AP(cmH,0)
O wWr -o- CavkKO -O- WT -e- CavKO
&~ WT + Sep —— CavKO + Sep &~ WT + Sep —— CavKO + Sep
-¥- WT + SeptNAME —¥ CavKO + Sep+NAME -7 WT + Sep+NAME -¥ CavKO + Sep+NAME WSS u—, D|abetes
100 140 *
= < *
S @ £ 120
G & 100 <— ONOO |
= 60 X 80
Q $ 2 e
2 40 [7]
g $ f 40 . s leu /BH l
o £ @ Uncoupled —-NO |- FMDI!
o
o < ° eNOS
10°  10% 107 10 10°  10% 107 10
ACh (mol/L) ACh (mol/L)

Figure 6 —A: WSS-induced changes in diameter of coronary arterioles of non-DM (O and dashed lines, n = 5) and DM patients (@ and
dashed lines, n = 7) before and after incubation with sepiapterin (Sep) (/\ and A in non-DM and DM, respectively), in the absence
and presence of L-NAME (V/ and ¥ in non-DM and DM, respectively). *, non-DM vs. DM patients; #, DM vs. Sep; $, non-DM or DM vs.
Sep+NAME. P < 0.05. B: WSS-induced changes in the diameter of coronary arterioles of non-DM patients (O and dashed lines, n = 6) in
the presence of mBCD (>, n = 4) and in the simultaneous presence of maCD and Sep (V/, n = 4). *, non-DM vs. mBCD; #, mBCD vs.
mBCD+Sep. P < 0.05. Representative recordings (C) and summary data (D) of changes in the diameter of coronary arterioles isolated from
wild-type (WT, O, n = 4) or CavKO mice (@, n = 4) in response to increases in flow or increasing concentrations of ACh (10~°to 106 mol/L)
(E) in the absence and presence of Sep (/\ and A in WT and CavKO, respectively) or in the simultaneous presence of Sep plus L-NAME
(V and V¥ in WT and CavKO, respectively). *, WT vs. CavKO; #, CavKO vs. Sep; $, WT or CavKO vs. Sep+NAME. P < 0.05. F: Percent
changes in aortic relaxation in response to increasing concentration of ACh (107° to 10™® mol/L) in WT (O, n = 8) and CavKO mice
(@, n = 8), in the absence and presence of Sep (/\ and A in WT and CavKO, respectively) or in the simultaneous presence of Sep
plus .-NAME (V and ¥ in WT and CavKO, respectively). *, CavKO vs. Sep; #, WT vs. Sep+NAME; $, CavKO vs. Sep+NAME. Data are
means = SEM. G: Schematic drawing illustrates the proposed novel mechanism by which ONOO™ targets and disrupts coronary en-
dothelial caveolae and that a disrupted caveolae predisposes eNOS cofactor BH, to ONOO™ dependent oxidation, resulting in a diminished
WSS-induced, NO-mediated coronary dilation in DM.

be limited to the disruption of coronary endothelial eNOS protein-bound BH, required significantly higher
caveolae. It has been shown that ONOO ™ directly ONOO"™ concentrations (48). Based on the presented
interacts and reduces the level of BHy, as it has greater ~ data, we also support the direct interaction between
affinity for BH, than that of ascorbic acid and glutathi- ONOO ™ and BH,, which explains why ONOO ™~ scaven-
one (47). Chen et al. (48) demonstrated that exposure of  ger and sepiapterin fully restore coronary dilation in DM
human eNOS to ONOO™ resulted in a dose-dependent patients, in spite of having a reduced number of caveolae.
loss of activity with a marked destabilization of the eNOS  Based on the results of this study, we propose a novel
dimer. They found that both free and eNOS-bound BH;  “upstream” mechanism by which ONOO ™~ targets and
were oxidized by ONOO ™ ; however, full oxidation of disrupts coronary endothelial caveolae and that
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a disrupted endothelial caveolae predisposes BH, to
ONOO -dependent oxidation in DM (Fig. 6G). Restoring
endothelial caveolae via ONOO ™~ sequestration and/or
treatment with a stable BH, precursor may facilitate NO
production in the diseased coronary artery, a therapeutic
strategy, which may prove beneficial to improve cardio-
vascular morbidity and mortality in DM.
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